An extensive survey was carried out for compounds capable of regulating actin-binding proteins in a manner similar to phosphatidylinositol 4,5 bisphosphate (PI 4,5-P 2 ). For this purpose we developed a sensitive assay involving release of radioactively phosphorylated actin from the fragminP-actin complex. We found that the structurally simplest lysophospholipid, lysophosphatidic acid (LPA), dissociated the complex between fragminP and actin, whereas other lysophospholipids or sphingosine-1-phosphate were inactive. Furthermore, LPA inhibited the F-actin severing activity of human gelsolin, purified from plasma or as recombinant protein, mouse adseverin and Physarum fragminP. Dissociation of actin-containing complexes by LPA analyzed by gelfiltration indicated that LPA is active as a monomer, in contrast to PI 4,5-P 2 . We further show that binding of LPA to these actinregulatory proteins promotes their phosphorylation by pp60 c-src . A PI 4,5-P 2 -binding peptide counteracted the effects mediated by LPA, suggesting that LPA binds to the same target region in these actin-binding proteins. When both LPA and PI 4,5-P 2 were used in combination we found that LPA reduced the threshold concentration at which PI 4,5-P 2 was active. Significantly, LPA promoted the release of gelsolin from barbed actin filaments in octylglucoside-permeabilized human platelets. These results suggest that lysophosphatidic acid could act as an intracellular modulator of actin-binding proteins. Our findings can also explain agonist-induced changes in the actin cytoskeleton that are not mediated by polyphosphoinositides.
Introduction
Phosphatidylinositol 4,5-bisphosphate (PI 4,5-P 2 ) is considered to be one of the key regulators of the subcortical actin network in eukaryotic cells (Stossel, 1993; Janmey, 1994; Isenberg and Goldman, 1995) . PI 4,5-P 2 micelles, or vesicles containing this phospholipid, bind to a variety of actin-binding proteins (ABPs), including all members of the gelsolin family. Most of these contain two conserved sequence segments of~10 residues which were designated as PI 4,5-P 2 binding motifs Yu et al., 1992) . The interaction between gelsolin and PI 4,5-P 2 in vivo has been corroborated by Hartwig et al. (1995) , demonstrating dissociation of gelsolin from capped actin filaments following thrombin stimulation of platelets. Chellaiah and Hruska (1996) also measured an increased association of phosphoinositides with gelsolin in osteoclasts that were stimulated with osteopontin. In both cases, the amount of F-actin following stimulation rose significantly, in agreement with the idea that PI 4,5-P 2 uncaps gelsolin from the barbed ends, thus creating conditions favorable for growth at the (ϩ) ends. This phenomenon is tightly connected with activation of the small GTP-binding protein Rac, most likely through stimulation of phosphoinositide kinase activities (Hartwig et al., 1995) .
We recently showed that PI 4,5-P 2 stimulates phosphorylation by pp60 c-src of a number of ABPs such as gelsolin and CapG (De Corte et al., 1997) . Tyrosine phosphorylation of ABPs could possibly control their actin-binding properties, but also other functions such as phosphoinositide binding, accessibility for hydrolysis by phospholipase C (Goldschmidt-Clermont et al., 1990) or affinities for other target proteins such as phosphatidylinositol 3-kinase (Singh et al., 1996) , thereby providing a link between pp60 c-src activity and actin organization. Next to PI 4,5-P 2 , other phospholipids such as PI 3,4-P 2 and PI 3,4,5-P 3 bind to gelsolin and profilin and display an even higher affinity for profilin than PI 4,5-P 2 (Lu et al., 1996) . This points to a connection with PI 3-kinase activity and may suggest a hierarchical order in binding of ABPs to different phosphoinositides.
Several studies (Bengtsson et al., 1988; Eberle et al., 1990) have shown that agonist-induced actin rearrangements can occur independently of changes in the level of phosphoinositides. It has even been reported that EGF stimulation of A431 cells resulted in a decrease of phosphoinositides concomitant with actin polymerization (Dadabay et al., 1991) . In these cases phospholipids are unlikely to be involved in uncapping of actin-binding proteins from barbed ends. Lin et al. (1997) suggested that the higher affinity of Ca 2ϩ -gelsolin for phosphoinositides could compensate for the observed decrease in phosphoinositides. We followed a different approach and carried out an exhaustive screening procedure for molecules which are able to dissociate ABP-actin complexes, in order to find out whether other compounds might be implicated in regulating ABP-actin interactions. For this we used the 32 P-labeled fragminP-actin complex from Physarum polycephalum (Gettemans et al., 1992 (Gettemans et al., , 1993 . Dissociation of the complex by various compounds was surveyed by measuring 32 P-labeled actin in the supernatant after immunoprecipitation with affinity-purified anti-fragminP antibodies.
We discovered that lysophosphatidic acid (LPA) specifically dissociated the fragminP-actin complex, and other actin-ABP complexes, as efficiently as did PI 4,5-P 2 . In addition, LPA stimulated pp60 c-src -mediated phosphorylation of several actin-binding proteins including gelsolin and adseverin. Our findings suggest a dual mediator role for LPA, as was recently shown for sphingosine-1-phosphate, and we discuss how LPA activity could participate in current models describing actin organization.
Results
Lysophosphatidic acid dissociates the 1:1 EGTAresistant complexes of actin with proteins of the gelsolin family We used fragminP-actin to screen for dissociation because it can be radiolabeled specifically at Thr203 of the actin subunit (Gettemans et al., 1992) . Dissociation of phosphorylated actin from the complex allowed fast and accurate measurement of the amount of 32 P-actin in the supernatant after fragminP immunoprecipitation. Figure 1A lists some of the compounds used in this experiment. Only PI 4,5-P 2 , PI 4-P and LPA were highly active, releasing up to 80-90% of radioactively labeled actin from the fragminP-actin complex. Lysophosphatidylserine (LPS) displayed a much weaker activity. Other (phospho)lipid or lysophospholipid analogs such as lysophosphatidylethanolamine (LPE), phosphatidic acid (PA), ceramide (Cer) and arachidonic acid (AA) showed no effect ( Figure 1A ). In addition, lysophosphatidylcholine and lyso-platelet activating factor (lyso-PAF) were equally inactive (data not shown). It has been speculated that sphingosine-1-phosphate (S-1-P) could physically interact with actin-binding proteins (Yamamura et al., 1996) . In our assay, S-1-P was poorly active and yielded only a maximal dissociation of 10%.
The interaction between fragminP and LPA was studied in further detail by measuring the degree of dissociation of a fixed concentration of the complex (0.4 μM) versus gradually increasing LPA concentrations. Only limited dissociation was measured at low (20 μM) and intermediate (40 μM) LPA concentrations ( Figure 1B ). Further addition of LPA caused an abrupt increase in activity leading to full separation of the proteins at 250-fold molar excess of LPA (100 μM). When PI 4,5-P 2 was used, we noticed a more gradually increasing dissociation, proportional to the amount of PI 4,5-P 2 ( Figure 1B) .
We also examined whether the phosphorylated fragminP-actin complex was equally sensitive to LPA as its unphosphorylated form. Therefore, we measured dissociation of the latter by SDS-PAGE analysis of the antifragminP immunoprecipitate. As for the phosphorylated complex we observed only limited dissociation at low LPA concentrations, followed by a steep increase at higher LPA concentrations (data not shown).
The dissociation of fragminP-actin was also analyzed by gel filtration. For this purpose it was more convenient to use the naturally occurring complex between actin and the N-terminal half of fragminP, termed fragmin 19 (De Corte et al., 1996) , because dissociation of the complex yields products that are easily separated by gel filtration. In addition, it allowed us to investigate whether this fragminP domain contains a binding site for LPA
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(it lacks the second PI 4,5-P 2 -binding site but contains the first binding site). When the A-F 19 complex (5.5 μM) was chromatographed through a Superdex gel filtration column after preincubation with a 200-fold molar excess of LPA, the protein peak corresponding with A-F 19 dissociated into three peaks ( Figure 1C, right panel) . Analysis of the column eluate by SDS-PAGE revealed that the fractions corresponding with the first peak contained F-actin ( Figure 1C, insets) , due to the salt present in the elution buffer. Since actin was able to polymerize we conclude that it was not denatured (this was also confirmed by native gel electrophoresis; data not shown). The second peak corresponded with undissociated A-F 19 , eluting with an apparent M r of 60 000, whereas the last peak contained only fragmin 19 . Chromatography in the presence of PI 4,5-P 2 caused the A-F 19 complex to shift to a higher M r (not shown).
In contrast to PI 4,5-P 2 , LPA does not form micelles under the conditions used due to its high CMC (1.3 mM; Jalink et al., 1990) . This explains why fragmin 19 eluted from the column with an apparent M r corresponding to its determined molecular mass of 19 123 Daltons (De Corte et al., 1996) . Furthermore, experiments using the dye 6-(p-toluidino)2-naphtalenesulfonate (TNS) (Das and Hajra, 1992) demonstrated that LPA, in our buffer conditions and used at the indicated concentrations, was present as a monomer (data not shown). Lack of full dissociation of the actin-fragmin 19 complex can be ascribed to re-association of both components during chromatography, in combination with dilution of the lipid during buffer elution. Alternatively, it may reflect weaker binding of LPA to fragmin 19 in comparison with intact fragminP. The latter hypothesis seems more likely since LPA and PI 4,5-P 2 bind to the same target regions in actinbinding proteins (see below).
The studies on gelsolin-LPA interaction were carried out with plasma gelsolin in complex with skeletal muscle actin, and the immunoprecipitate obtained with monoclonal anti-gelsolin antibodies was analyzed by SDS-PAGE. Addition of LPA at low concentrations (20 μM) resulted in limited dissociation of actin; when the LPA concentration was further increased (Ͼ40 μM) nearly 100% dissociation was measured (Figure 2A ). This finding agrees with our observations on the fragminP-actin complex ( Figure 1B) , suggesting that LPA acts in a similar manner on both proteins.
The effect of LPA on the F-actin severing activity of plasma gelsolin and other ABPs was measured using a fluorimetric assay. Severing of F-actin filaments by plasma gelsolin results in the formation of many pointed ends, causing fast depolymerization of F-actin and consequently a drastic decrease in the relative fluorescence of labeled F-actin. Preincubation of 25 nM plasma gelsolin with 6.25 μM LPA caused complete inhibition of F-actin severing activity, as for PI 4,5-P 2 ( Figure 2B ). Recombinant cytosolic gelsolin gave the same results (data not shown). The effect of LPA on gelsolin could be partially reverted by treating the sample with phospholipase B; as for PI 4,5-P 2 , addition of Triton X-100 counteracted the effect of LPA ( Figure 2B ). These data show that the ABP is not irreversibly denatured by LPA. A very similar dose-dependent inhibition of Factin severing activity by LPA was also recorded for recombinant murine adseverin ( Figure 2C ) and recombinant fragminP (data not shown). These experiments illustrate the specific effect of LPA on different members of the gelsolin family.
Experiments involving quenching of intrinsic tryptophane fluoresence through lipid binding by fragminP (in the absence of calcium) were employed to derive an apparent dissociation constant for LPA, as was done previously for the CapG/PI 4,5-P 2 interaction (Lin et al., 1997) . Optimal fitting of the data was accomplished when two binding sites were considered. We calculated a K d value of 28.9 μM for LPA (correlation coefficient 0.9967), whereas a value of 14.1 μM was obtained for PI 4,5-P 2 (correlation coefficient 0.9994).
To exclude the possibility that the LPA sample was contaminated we analyzed the lipid by electrosprayionization mass spectrometry. Only one peak was present in the mass-transformed spectrum (data not shown), corresponding with a molecular mass of 435 Da, in agreement with the M r of lysophosphatidic acid with a single positive charge. We therefore conclude that the observed effect is due solely to LPA. Lysophosphatidic acid stimulates pp60 c-srcmediated phosphorylation of PI 4,5-P 2 -binding ABPs In a previous report we demonstrated that PI 4,5-P 2 stimulates phosphorylation of gelsolin and related ABPs by pp60 c-src (De Corte et al., 1997) . In view of the results with LPA, we studied the effect of this lysophospholipid on the phosphorylation of gelsolin and fragminP ( Figure 3A) . Estimations of the extent of 32 P-incorporation revealed an 18-to 20-fold increase of label for fragminP and gelsolin when LPA was present in 60-to 90-fold molar excess ( Figure 3A) . From a reciprocal Lineweaver-Burk plot we calculated a K m value of~5 μM for phosphorylation of gelsolin by pp60 c-src in the presence of a 60-fold molar excess LPA. Apart from PI 4,5-P 2 and PI 4-P (not shown), LPA was the only compound that promoted a significant increase in phosphorylation. No stimulatory effect on the phosphorylation of RCAM-lysozyme was observed (not shown), indicating that LPA did not modulate pp60 c-src activity but induces phosphorylation through binding with the ABP. We also investigated whether the sites phosphorylated in the presence of PI 4,5-P 2 or LPA were similar. For this we compared the autoradiograms of both 32 P-labeled peptide patterns obtained after SDS-PAGE analysis of partial endolysine-C digests. Figure 3B reveals a highly similar, if not identical, phospho-peptide fingerprint in accordance with modification of an identical residue(s).
The effects of lysophosphatidic acid are reverted by a peptide that specifically binds to phosphatidylinositol 4,5 bisphosphate Previous work has led to the delineation of two short segments in gelsolin and other actin-binding proteins that interact with PI 4,5-P 2 Yu et al., 1992; T'Jampens et al., 1997) . The corresponding synthetic peptides inhibit the effect of PI 4,5-P 2 on the actinbinding properties of gelsolin. When the villin peptide 133-YNVQRLLHVKGKKNVV-148 was added to LPA prior to incubation with gelsolin, no inhibition of the F-actin severing activity was observed ( Figure 4A ). Similarly, when the peptide was added in a 2-fold molar excess over LPA after incubating gelsolin with LPA, we noticed a partial recovery of the severing activity ( Figure 4A ). Similar results were obtained using fragminP or mouse adseverin (data not shown).
When the villin peptide was added to the LPA-gelsolin mixture at an equal molar ratio relative to LPA, phosphorylation of gelsolin by pp60 c-src decreased dramatically ( Figure 4B, lane 3) . Similarly, when the villin peptide was incubated with LPA prior to the addition of gelsolin, no phosphorylation was observed ( Figure 4B, lane 4) . These results suggests that the LPA and PI 4,5-P 2 binding sites on ABPs are very similar and perhaps identical.
LPA and PI 4,5-P 2 co-operatively inhibit actinbinding proteins All data shown above support the conclusion that both LPA and PI 4,5-P 2 act similarly on a number of PI 4,5-P 2 -sensitive actin-binding proteins. This led us to hypothesize that both components could display co-operative effects. As a result, LPA could modulate the activity Fig. 5 . Co-operative effect of LPA and PI 4,5-P 2 on the dissociation of 32 P-labeled fragminP-actin. The experiment was performed in the same manner as described in Figure 1 . In all samples a constant amount of LPA was present (40 μM). Subsequently PI 4,5-P 2 was added (molar excess indicated in the x-axis) and fragminP was immunoprecipitated. Note that, particularly at lower PI 4,5-P 2 concentrations, the effect of both compounds together (double hatched bars) is more pronounced than when PI 4,5-P 2 is added alone (single hatched bars).
of PI 4,5-P 2 by lowering the threshold concentration for inhibition of ABPs. To test this possibility, we measured the dissociation of the 32 P-labeled fragminP-actin complex using increasing amounts of PI 4,5-P 2 under conditions where a constant amount of LPA was present. In the absence of PI 4,5-P 2 we measured only Ϯ15% dissociation ( Figure  5 ), in agreement with data shown earlier ( Figure 1B) . However, upon addition of relatively small amounts of PI 4,5-P 2 we measured a drastic increase of dissociation which was much higher than in the presence of PI 4,5-P 2 alone (i.e. from 17 to 65% or from 45 to 90% upon addition of 20 or 40 μM PI 4,5-P 2 , respectively). These data afford a strong argument that LPA and PI 4,5-P 2 could act in a co-operative manner in controlling the activity of PI 4,5-P 2 -regulated actin-binding proteins.
Lysophosphatidic acid uncaps gelsolin from the barbed ends of actin filaments in human platelets
We investigated the potential in vivo role of lysophosphatidic acid by treating permeabilized human platelets with LPA, as was done previously with PI 4,5-P 2 (Hartwig et al., 1995; Barkalow et al., 1996) . Octylglucoside (0.4%) treatment of platelets only causes formation of small holes (20-100 nm diameter) and leaves the plasma membrane largely intact (Hartwig et al., 1995) . Resting platelets were used for our experiments because Ͼ95% of the filaments are capped by proteins like gelsolin and capping protein (Hartwig et al., 1995) . When phospholipids are added to permeabilized platelets they uncap gelsolin and capping protein from the (ϩ) ends of cytosolic actin filaments and this can be followed by Western blotting. Although some variability has been reported as to the amount of gelsolin that is released upon phospholipid treatment (1-25%, Barkalow et al., 1996) , this assay provides a valuable tool to analyze the activity of phospholipids on actin-binding proteins in vivo. We used a similar approach to study the effect of LPA on gelsolin uncapping from actin filaments.
Permeabilized platelets were washed repeatedly to remove unbound gelsolin ( Figure 6, lanes 2-4) . When LPA (100 μM) was added we noticed an increased staining for gelsolin in comparison with the control (Figure 6 , lanes 6 and 7-9). Since LPA does not cause membrane leakiness, even at very high concentrations (500 μg/ml; Jalink et al., 1990) , this finding suggests that LPA uncaps gelsolin from barbed ends of actin filaments. PI 4,5-P 2 also released gelsolin from platelets ( Figure 6, lane 12) . Comparison between PI 4,5-P 2 and LPA showed that LPA was at least as effective as PI 4,5-P 2 (Figure 6 , compare lane 10 with lane 12). Other compounds such as phosphatidylserine and lysophosphatidylinositol showed no effect whereas lysophosphatidylserine displayed a weak effect (not shown), in agreement with earlier findings ( Figure  1A ). Addition of both LPA and PI 4,5-P 2 resulted in an intermediate uncapping activity (Figure 6, lane 11) .
Discussion
We have demonstrated that lysophosphatidic acid inhibits the formation and induces the dissociation of complexes between actin and actin-binding proteins. The proteins used in this study (human plasma gelsolin, recombinant human cytosolic gelsolin, Physarum fragminP and mouse adseverin) are also regulated by PI 4,5-P 2 . In addition, their phosphorylation by pp60 c-src was dramatically stimulated in the presence of LPA. Based on structural and functional homologies among members of the gelsolin family, we predict that severin (André et al., 1988) , mammalian CapG (Yu et al., 1990) and villin (Arpin et al., 1988) are also regulated by LPA. Tight association between lysophospholipids and highly purified preparations of plasma gelsolin was previously reported by , indicating that these compounds are associated with gelsolin in a physiological environment. In addition to the similar effects on their target proteins, the activities of LPA and PI 4,5-P 2 were equally inhibited by a synthetic villin peptide known to bind PI 4,5-P 2 specifically (Arpin et al., 1988; Gettemans et al., 1995) . This adds further support to the idea that both lipids act in a very similar manner on different members of this family of actin-binding proteins.
When a detailed quantitative comparison between PI 4,5-P 2 and LPA was made, we noticed particular differences in the dose-response curve. While PI 4,5-P 2 showed a linear progression in dissociation of ABP-actin complexes, reaching full activity at 100 μM, LPA followed a sigmoidal curve, with a steep rise in activity at concentrations Ͼ40 μM. PI 4,5-P 2 is known to act in the form of micelles, whereas LPA remains monomeric due to its high critical micelle concentration (Jalink et al., 1990) . It is therefore unlikely that the sigmoidal curve is due to the action of micelles that are formed at elevated LPA concentrations. The steep rise in activity is not to be ascribed to a detergent-like effect since actin retained its ability to polymerize, and the inhibitory effect of the actin-binding proteins could be counteracted by phospholipase B, a synthetic PI 4,5-P 2 binding peptide or Triton X-100. A similar curve could also be explained by assuming that distinct LPA binding sites exist on ABPs, acting in a co-operative or sequential manner. This hypothesis requires more detailed analysis in the future.
To our knowledge this is the first report documenting a specific interaction between a lysophospholipid and members of the gelsolin family and this finding raises intriguing questions concerning the structural requirements for phospholipids that bind to and inhibit actin-binding proteins. Apart from PI 3,4 P 2 , PI 3,4,5 P 3 (Lu et al., 1996) , PI 4,5-P 2 and to a lesser extent PI 4-P, no other phospholipids with such properties were described so far. The former may suggest a functional link between the PI 3-kinase pathway and the organization of the subcortical actin network, but considering their low abundance in stimulated cells it is believed they do not play a direct role in the regulation of actin assembly, except in a few specific cases (Toker and Cantley, 1997) . Interestingly, phosphatidic acid, arising through incorporation of a second acyl chain at the sn-2 position of the glycerol moiety of LPA, is completely inactive. It thus appears that, for the active molecules, the common minimal structural requirement consists of one phosphate group per acyl chain.
The key question is if LPA can be considered as a candidate intracellular regulator of the actin cytoskeleton. Our finding that LPA uncaps gelsolin from actin filaments in permeabilized human platelets with the same efficiency as PI 4,5-P 2 , and the reported intracellular LPA concentrations (as high as 80 μM, see below) strongly support this idea. LPA is known primarily for its hormone-like and mitogenic activities and activates its own G-protein coupled receptor (Moolenaar et al., 1997) . cDNAs coding for such a receptor have been identified in Xenopus (Guo et al., 1996) , mouse (Hecht et al., 1996) and man . However, the concentration ranges where LPA displays biological activity in vivo are very diverse, varying from nanomolar (receptor activation), suggesting high affinity interactions, to micromolar (mitogenesis), suggesting medium-affinity interactions. Furthermore, as pointed out earlier (Moolenaar, 1995) , the commonly held theory of LPA-mediated receptor activation has not been verified in all cases and in this respect the mitogenic effect of LPA requires closer scrutiny. Also, LPA interferes directly with a number of intracellular components that play a role in signal transduction. It interacts with nchimaerin (Ahmed et al., 1993) and regulates the interaction between G-proteins and GAPs (Tsai et al., 1989; Chettibi et al., 1994) . Furthermore, glycosylphosphatidylinositol-specific phospholipase D (Low and Huang, 1993) and phosphatidylinositol 3-kinase (Lauener et al., 1995) are inhibited by PA and LPA, whereas protein kinase C is stimulated by LPA (Sando and Chertihin, 1996) . These results, combined with our findings, support the concept of a dual signaling activity of LPA, either through activation of an LPA receptor or as a secondary messenger.
In this respect it is worth mentioning a number of reports showing a similar dual signaling role for sphingosine-1-phosphate (S-1-P). S-1-P was originally characterized as a second messenger molecule, promoting DNA synthesis in Swiss 3T3 fibroblasts (Olivera and Spiegel, 1993) . Zhang et al. (1995) showed that sphingosine-1-phosphate is produced in response to stimulation of 3T3 fibroblasts, eliciting calcium release from IP 3 -sensitive and -insensitive pools. Lee et al. (1998) cloned a receptor for S-1-P (Edg-1) that mediates the extracellular effects of S-1-P but a major breakthrough was provided by Meyer zu Heringdorf (1998) who showed that calcium release could be mediated only by microinjection of S-1-P. Other data emphasizing intracellular or extracellular modes of action of S-1-P (Rani et al., 1997; Wang et al., 1997; Yatomi et al., 1997; Cuvillier et al., 1998) are probably more indicative of the exceptionally broad biological diversity of S-1-P rather than reflecting seemingly contradictory data. Indeed, Van Brocklyn (1998) recently demonstrated that mitogenesis and prevention of apoptosis (two typical S-1-P responses) are unrelated to binding to Edg-1. S-1-P suppresses apoptosis of HL-60 and PC12 cells, but these cells do not show expression of Edg-1 mRNA. These authors demonstrate that S-1-P is a prototype for a novel class of lipid mediators that act both extracellularly as ligands for cell surface receptors and intracellularly as second messengers. We provide evidence that LPA may have an intracellular role. Another lipid that is characterized by a dual role is Platelet Activating Factor (PAF). PAF activates its cognate receptor but there is also evidence for intracellular synthesis of PAF and cytosolic binding sites in neutrophils (Svetlow and Nigam, 1993) .
In thrombin-stimulated platelets, the LPA concentration reaches intracellular values as high as 47 μM (Watson et al., 1985) , or even 77 μM (Benton et al., 1982) . Half maximal activity was observed at~60 μM in our in vitro assays ( Figure 1B) . LPA is also released from platelets (measured after 10 min; Eichholtz et al., 1993) . This is possibly associated with leakage of the cells which occurs during aggregation, because production of LPA in a lipid environment is not necessarily followed by release into the surrounding medium. For example, challenging erythrocytes with calcium causes shedding of microvesicles that contain LPA; the lysophospholipid remains unchanged in the vesicles but could be extracted with BSA (Fourcade et al., 1995) . Although few data are available for other cells, these findings demonstrate that intracellular LPA concentrations can rise temporarily to values which were found to be active in our experiments.
Although future in vivo experiments have to confirm our hypothesis of a secondary messenger role for LPA in actin organization, the information currently available does not exclude such a mechanism and could even explain contradictory findings. Indeed, actin polymerization in thrombin-stimulated platelets and an increase in the intracellular LPA concentration (Watson et al., 1985) are known to occur within a similar time span (60-75 s) as the exposure of barbed flament ends by an uncapping mechanism and subsequent assembly of actin (Hartwig et al., 1995) . Although D3 and particularly D4 polyphosphoinositides are considered as the universal agents in this mechanism, Dadabay et al. (1991) showed that stimulation of A431 cells with EGF also resulted in the dissociation of actin-gelsolin complexes and subsequent F-actin polymerization, but that PI 4-P and PI 4,5-P 2 were not involved in this mechanism. Our results allow us to propose a role for LPA in this process because stimulation of fibroblasts with epidermal growth factor causes PLA 2 activation (Peppelenbosch et al., 1992 and references therein) . Through this activity, LPA (Fukami and Takenawa, 1992) and arachidonic acid are generated. LPA thus generated could be implicated in the temporal and spatial control of membrane ruffling and changes in cell morphology. Moreover, Arcaro (1998) found that Rac indirectly promotes dissociation of 1:1 actin-gelsolin complexes in neutrophils through a signaling pathway that is independent of PI 4,5-P 2 or PI 3,4,5-P 3 . These and other data show that uncapping of gelsolin from actin filaments can occur by mechanisms other than changes in the level of polyphosphoinositides.
In conclusion, we have presented evidence that a well known and widely occurring lysophospholipid inhibits actin-binding proteins of the gelsolin family. This finding broadens the field of compounds susceptible of regulating the actin cytoskeleton and may extend our conceptual understanding of the different pathways by which actin polymerization can be controlled.
Materials and methods
Preparation of lipids L-α-lysophosphatidic acid, 1-oleoyl (C 18 :1 [cis] -9) and other (lyso)phospholipids were obtained from Sigma (St Louis, USA). All lipids were dissolved in water at a concentration of 1 mM (or 5 mM), except for C 6 -ceramide which was dissolved in ethanol. S-1-P was dissolved in methanol-water (1:1 v/v) at a concentration of 2 mM. Suspensions were stored at -80°C until further use.
Proteins
Actin was prepared from rabbit skeletal muscle according to Spudich and Watt (1971) , further purified by Sepharose 200 gel-filtration and kept in G-buffer (2 mM Tris-HCl pH 7.6, 0.2 mM ATP, 0.5 mM β-mercaptoethanol, 0.2 mM CaCl 2 , and 0.02% NaN 3 ). Pyrene-labeled actin was prepared according to Brenner and Korn (1983) . The native fragminP-actin complex, fragmin 19 -actin and recombinant fragminP were purified as described previously (Gettemans et al., 1993; De Corte et al., 1996; T'Jampens et al., 1997) . Human plasma gelsolin was isolated as described by Cooper et al. (1987) . Recombinant cytosolic gelsolin was cloned as a BamHI fragment in the pET11 expression vector and, after transformation and expression in Escherichia coli, purified from the cytosol through DEAE-ion exchange chromatography. Recombinant mouse adseverin was purified as described by Robbens et al. (1998) . The 1:1 actin-gelsolin complex was reconstituted in vitro by incubating appropriate quantities of actin and gelsolin on ice in the presence of 2 mM CaCl 2 for 2 h, followed by the addition of 5 mM EGTA. Further purification was done by chromatography through a Sephacryl 200 gel-filtration column, equilibrated with TEDA buffer (10 mM Tris-HCl pH 7.5, 1 mM EGTA, 1 mM dithiothreitol, 0.02% NaN 3 ). Phospholipase B was from Sigma (St Louis, USA). Recombinant human pp60 c-src kinase was obtained from Upstate Biotechnology Incorporated (UBI, New York, NY).
Actin polymerization assays (fluorescence spectroscopy)
All fluorescence measurements were performed as described (Gettemans et al., 1995) . FragminP, gelsolin or adseverin (25 nM) were used for routine severing assays. Lysophospholipids were preincubated with the ABP for 5-10 min. Subsequently the mixture was added to the pyrenelabeled F-actin solution (8 μM stock solution, 25% pyrene-labeled) and the decrease in fluorescence was measured over time.
Immunoprecipitation and Western blotting
Purified native fragminP-actin (0.4 μM) or muscle actin-gelsolin (0.4 μM) complexes were preincubated with various amounts of (lyso)-phospholipids for 30 min and then further incubated for 2 h with antifragminP antibodies (Gettemans et al., 1995; De Corte et al., 1996) or anti-gelsolin antibodies (St Louis, USA), respectively (final volume 30 μl). Protein G-Sepharose (Pharmacia) was added and after 1 h incubation at room temperature the sample was centrifuged for 2 min (500 g). Pellets were washed three times with 1 ml TDA buffer (10 mM Tris-HCl pH 7.5, 1 mM dithiothreitol, 0.02% NaN 3 ) supplemented with 150 mM NaCl, 1% Triton X-100 and 0.5% NP-40 (for fragminP-actin) or G-buffer (for actin-gelsolin) with the same amounts of NaCl, Triton X-100 and NP-40, followed by three washes with TDA or G-buffer without NaCl/Triton X-100/NP-40. The immunoprecipitates were boiled for 2 min in Laemmli sample buffer (Laemmli, 1970) , followed by SDS-PAGE gel electrophoresis on 10% mini-slab gels according to Matsudaira and Burgess (1978) .
Immunoblotting on nitrocellulose membranes was performed as described by Towbin et al. (1979) . The membranes were quenched in Tris-buffered saline (TBS) (10 mM Tris-HCl pH 7.4, 140 mM NaCl) containing 4% skimmed milk powder for 3 h at room temperature. Primary antibody was added and incubated for 3 h in TBS/1% milk powder. After three washes in TBS/1% milk powder the secondary antibody (goat anti-rabbit antibody coupled to alkaline phosphatase) was added for 3 h at room temperature. Proteins were visualized in the developing buffer (100 mM NaHCO 3 pH 9.8, 2 mM MgCl 2 ) containing NBT (nitro-blue tetrazolium chloride) and BCIP (bromo-chloro-indolyl phosphate) (purchased from Duchefa, Haarlem, The Netherlands).
Quantitative measurement of actin dissociation from the fragminP-actin complex by (lysophospho)lipids Native fragminP-actin was quantitatively phosphorylated (De Corte et al., 1996) with recombinant actin-fragmin kinase, purified according to Eichinger et al. (1996) . Immunoprecipitation of phosphorylated fragminP-actin following incubation with various lipids was performed as described above. The supernatants were counted in a Wallac 1409 liquid scintillation counter (Pharmacia/LKB) or the pellets were analyzed by SDS-PAGE and Coomassie Blue staining. FragminP-actin bands were excised and radioactivity was measured.
Phosphorylation of actin-binding proteins by pp60 c-src
Phosphorylation of gelsolin and fragminP by pp60 c-src was performed as described previously (De Corte et al., 1997) . The proteins were preincubated with LPA or PI 4,5-P 2 for 30 min at room temperature. Reactions were terminated by the addition of 5ϫ concentrated Laemmli sample buffer and analyzed by SDS-PAGE on mini-slab gels. Radioactivity was detected by autoradiography and quantified by scanning the autoradiograms with a 2202 Ultroscanner (Pharmacia/LKB) or by Cerenkov counting of the excised gel bands.
Preparation of platelet suspensions
Platelets were acquired from the local blood bank and prepared according to Ardlie et al. (1970) . Briefly, platelets were sedimented by centrifugation at 1100 g for 20 min and then resuspended in modified Tyrode's solution I, pH 6.5 (without calcium), containing 2 mM magnesium and 0.2 mM EGTA. (Tyrode's solution contains 2 mM CaCl 2 , 2.5 mM KCl, 0.5 mM MgCl, 150 mM NaCl, 0.35 mM NaH 2 PO 4· H 2 O and 5 mM D-glucose.) Cells were again pelleted by centrifugation at 1100 g for 20 min and resuspended in Tyrode's solution II (Tyrode's solution I without EGTA).
After pelleting, the platelets were finally resuspended in Tyrode's solution III, pH 7.35.
Release of gelsolin from permeabilized resting platelets
Lipid-mediated release of gelsolin from permeabilized platelets was studied essentially as described in Barkalow et al. (1996) and Hartwig et al. (1995) . Briefly, platelets (1.4ϫ10 12 /ml) were permeabilized for 30 s with 0.4% octylglucoside in 1/10 volume 10ϫ PHEM buffer (0.6 M PIPES, 0.25 M HEPES, 0.1 M EGTA, 2 mM MaCl 2 , pH 6.9), protease inhibitors (10 μg/ml aprotenin, 10 μg/ml leupeptin, 1 mM PMSF), 0.1 μM phallacidin, and centrifuged for 1 min at 10 000 g. The pellet was washed 5 times by resuspending in 1ϫ PHEM buffer, 0.1 μM pallacidin and protease inhibitors. The pellet was finally resuspended in PHEM buffer and divided into equal aliquots. Buffer (control) or lipids were added to the suspensions and incubated for 5 min. The sample was then centrifuged for 1 min at 10 000 g and the supernatant was recovered. Samples were taken at each step for SDS-PAGE analysis and Western blotting.
Quenching of intrinsic tryptophane fluorescence
Fluorescence emission spectra were recorded at room temperature using an SFM25 fluorimeter (Kontron Instruments, Zürich). The tryptophane fluorescence spectrum of a 1 μM fragminP solution in TDA buffer (pH 7.5) was recorded by excitation at 292 nm. LPA or PIP 2 were added at 1 μl increments, and the fluorescence spectra were recorded 5 min after each addition. The total volume of added lipids did not exceed 2% of the initial fragminP solution volume. The decrease in fluorescence emission at 320 nm was plotted as a function of lipid concentration and the apparent dissociation constant was calculated using the GraphPad Prism program (Graphpad Software).
Mass spectrometry
To ascertain the purity of LPA and PI 4,5-P 2 , aliquots were subjected to electrospray-ionization mass spectrometry (ESI-MS). The instrument consists of a single quadrupole mass analyzer VG platform (VG Biotech Fisons Instruments, Manchester, UK). Approximately 100 pmol was introduced into the ion source with a HPLC pump (Pharmacia LKB-HPLC pump 2248) at a flow rate of 5 μl/min. Scans were made for 6 s between m/z 300 and m/z 1300 in the negative ionization mode.
Miscellaneous
All protein concentrations were determined by the method of Bradford (1976) using bovine serum albumin as a standard. The villin 133-YNVQRLLHVKGKKNVV-147 (Arpin et al., 1988; Gettemans et al., 1995) PI 4,5-P 2 -binding peptide was synthesized on an Applied Biosystems automated 431A Peptide Synthesizer.
